Soils are one of the main sources of nitrous oxide (N 2 O) in agriculture. Soil management practices can significantly affect N 2 O emissions through changing soil physical, chemical and biochemical properties. Application of biochar to arable soils can be an option for N 2 O emission mitigation, but the effect of biochar can be different for soils with different fertility levels. The objective of this study was to evaluate the effect of biochar application on N 2 O emission, soil properties and barley yield from loamy sand Stagnic Luvisol with high and medium levels of fertility caused by high rates of farmyard manure and fertilizer application for 10 years. A small-scale field experiment was conducted during the growing season of 2012 in North-Western Russia. Four treatments were used in the experiment: 1) control (no biochar, no N-fertilizer), 2) biochar (12 t ha -1 ), 3) N-fertilizer (90 kg ha -1 N) and 4) biochar (12 t ha -1 ) + N-fertilizer (90 kg ha -1 N), in five replicates. Significant changes in water-holding capacity and the amount of available nitrogen (N) occurred in the soil with high fertility, and thus it emitted significantly more N 2 O for the growing season than the soil with medium fertility. Biochar application effect on N 2 O emissions depended on the soil management history and was reducing the emission from the soil with high fertility rich in mineral N and C but not from the soil with medium fertility if no nitrogen fertilizer was applied to the latter soil. The yield-scaled N 2 O emission was the highest from the control treatments for the soil with both fertility levels, and the soil with high fertility was always characterized by higher yield-scaled N 2 O emissions than the soil with medium fertility. Application of biochar reduced yield-scaled N 2 O emission from the soil with medium and high fertility levels showing that biochar application to the soil can improve N use by the plants.
Introduction
It is well known that a regular application of farmyard or green manure to a light-textured soil contributes to higher soil fertility due to decreasing soil bulk density, increasing mineral nitrogen (N) and organic carbon (C) content, increasing soil porosity and waterholding capacity (Dabek-Szreniawska, Balashov, 2007; Ding et al., 2007; Buchkina et al., 2013) . Apart from this positive effect, application of manures can cause increased nitrous oxide (N 2 O) fluxes (Broucek, 2017) , supported by higher content of total organic C and plantavailable N.
One of the tools for an essential improvement of soil fertility and quality could be biochar application (Glaser et al., 2002; Horak et al., 2017) . Biochar is manufactured through the pyrolysis of biomass feedstocks at temperatures of 300-800°C under complete exclusion of oxygen (Lehmann et al., 2003; Yanai et al., 2007; Van Zwieten et al., 2010 b) . Biochar is a heterogenenous material which, due to its aromatic structure, is highly recalcitrant in soils with long-term residence time. Incorporation of biochar into arable soils can result in an improvement of their physical (porosity, aeration) and physico-chemical (pH, cation exchange capacity) properties, because porous, carbonaceous biochar with a high affinity to adsorption of water, cations (Ca, Zn and Mn) and organic substances demonstrates a high waterholding and cation exchange capacity (Saarnio et al., 2013; Tesfahun, 2018) .
In some experiments, a decrease in N 2 O emission from agricultural soils was often observed after application of biochar of different origin due to a lower mineral N availability and higher mineral N immobilization, while in other experiments the results were opposite (Sun et al., 2017) . Several mechanisms such as increasing soil pH values, enhanced soil air exchange and electro-chemical properties of biochars have been suggested, which may result in reduced N 2 O emissions in the presence of biochar (Ameloot et al., 2016) .
The addition of biochar into soils with different N availability can result in an immobilization of soil mineral N (Lehmann et al., 2003) and as a result soil N availability for plants can be insufficient to provide optimum conditions for their growth. Nguyen et al. (2017) conducted a meta-analysis using 56 studies with 1080 experimental cases and found that biochar was reducing soil inorganic N content regardless of the experimental conditions.
Based on the results of the different experiments conducted so far, it is possible to conclude that biochar can have different effects on N 2 O emissions, soil properties and crop yields from soils with different management history. The objective of the present study was to evaluate the effect of biochar application on N 2 O emission, soil properties and barley yield from soils with different fertility levels resulting from the welldocumented differences in soil management for 10 years. The hypothesis was that biochar amendment will affect the abovementioned parameters and that the effect will depend on the soil fertility.
Materials and methods
A small-scale field experiment was conducted during the growing season of 2012 at two plots of a big field experiment which was established in 2003 at the Experimental Station (59°34ʹ N, 30°08ʹ E) of the Agrophysical Research Institute in the St. Petersburg region of Russia, with the main goal to improve soil fertility and to find out the way of sustainable soil management. The studied soil was loamy sand Stagnic Luvisol (WRB, 2014), and the two plots where the smallscale field experiment was established had soil of the same type but with medium and high fertility levels. The differences in the soil properties resulted from different soil management practices since 2003 are given in Table 1 . The soil with medium fertility was not receiving any manure, while the soil with high fertility received 700 t ha -1 of farmyard manure in 10 years. More detailed information on the applied soil management practices of the field experiment is presented in the papers of Buchkina et al. (2010; . The small-scale field experiment was conducted in forty bottomless plastic buckets (22 litres in volume and 30 cm in diameter) which were placed at an area of 5 m 2 and dug into the topsoil, twenty at each plot. Four treatments were used in the experiment: 1) control (no biochar, no N-fertilizer), 2) biochar (12 t ha -1 ), 3) N-fertilizer (90 kg ha -1 N) and 4) biochar (12 t ha -1 ) + N-fertilizer (90 kg ha -1 N). There were five randomized replicates of each treatment at each plot. The mineral N-fertilizer used in the experiment was ammonium nitrate (NH 4 NO 3 ). The fertilizer and the biochar were mixed with the topsoil at the beginning of the experiment.
Spring barley (Hordeum vulgare L.) was grown in the experiment.
Biochar was produced at a char factory in St. Petersburg region of Russia from small birch logs and branches using a large temperature controlled kiln (Юдкевич, 2010). The temperature of the pyrolysis was 650°C and oxygen level was maintained at 15%. According to Bruun et al. (2012) , the product is a slow pyrolysis biochar. Before incorporation into the soil biochar was manually ground and passed through a 5-mm mesh sieve. Some properties of the biochar are given in Table 2 . To calculate direct nitrous oxide (N 2 O) emissions from the soil, gas samples were collected once a week (between noon and 2 pm) from 29 th of May to 30 th of August using closed chamber technique (Buchkina et al., 2010) . The chambers were made of inverted cylindrical plastic buckets of 18.9 cm in diameter and 27 cm high. Every time before gas sampling chambers were pressed into the topsoil to a depth of 2 cm. A three-way tap on the top of each chamber was closed only after the chamber was fixed into the topsoil to avoid extra air pressure inside the chamber. After 60 min gas samples were collected via the three-way taps with a 60-ml syringe. Afterwards 50 ml of gas sample was flushed through a 10-ml glass vial that had been previously flushed with air, and then the remaining 10 ml of gas sample was forced into the vial to over-pressurize it. The same technique of gas sampling was used in our earlier N 2 O field experiments (Buchkina et al., 2010; . Three-ml gas subsamples from the vials were analysed for N 2 O concentration with a gas chromatograph Carlo Erba 4130 (Italy) fitted with an electron capture detector. The gas chromatograph was calibrated with standard gas mixtures. The detection limit for the sampling / analytical system was 0.05 ppm. Cumulative N 2 O fluxes were calculated by plotting daily N 2 O emissions through time, interpolating linearly between them, and integrating the areas under the curves (Dobbie, Smith, 2003; Buchkina et al., 2010) . The topsoil (5-15 cm) moisture content was measured weekly by gravimetric method and mineral N content (N-NO 3 − and N-NH 4 + ) was measured with ion-selective electrodes (Растворова, 1983; Soil survey…, 2004) . Grain yield of spring barley was recorded at the end of the experiment.
Weather conditions. Weather parameters (daily mean air temperatures and precipitation) were received from the Menkovo Weather Station, situated in about 200 m from the experimental site. Mean daily air temperature during the period of measurements in 2012 ranged from +8.9 to +26.3°C with an average of +14.4°C in June, +18.5°C in July and +15°C in August. There were 401 mm of precipitation for three months (with an average for 1985-2012 being 355 mm). Out of the 94 days of the experiment there were 35 days with rainfall. The amount of rainfall was higher than 30 mm on 4 occasions, between 10 and 30 mm on 5 occasions, between 5 and 10 mm on 10 occasions and less than 5 mm on 18 occasions. July, the hottest month of the three, was also the driest with only 43.4 mm of rainfall, while there were 142.3 mm of rain in June and 215.3 mm in August. There were two periods without precipitation: 8 days in early June and 10 days at the beginning of July (Fig. 1 ).
Figure 1. Mean daily air temperature (A) and daily precipitation (B) in the studied area during the wheat growing season of 2012
Means and standard deviations were calculated for each parameter in each treatment. Significance of differences between the treatments was estimated by analysis of variance (one-way ANOVA) at P ≤ 0.05. The post-hoc Tukey's HSD (honestly significant difference) test was performed to find significant differences between the experimental treatments.
Results

Daily and cumulative nitrous oxide (N 2 O) fluxes.
Daily N 2 O emissions from the soil with medium fertility for all the different treatments varied between 0.25 and 7.8 g N-N 2 O ha -1 day -1 and were at their maximum values at the beginning of the experiment and then decreased to smaller values with the minimum measured during the period following the dry spell in the weather in July. For the soil with high fertility daily N 2 O fluxes varied between 1.17 and 10.91 g ha -1 N-N 2 O day -1 and were significantly higher (P < 0.001) than those from the soil with medium fertility for all the studied treatments. The lowest fluxes from the soil with high fertility were also observed after the dry spell in July, but the highest fluxes were measured not only at the beginning of June, when the N-fertilizer and biochar were applied to the soil, but also at the beginning of August. Daily N 2 O fluxes from the soil with medium fertility less often exceeded 5 g ha -1 N-N 2 O day -1 than those from the soil with high fertility (15-20% and 40-80% for all the different treatments, respectively). There were only 4 daily fluxes from the soil with medium fertility exceeding 6 g ha -1 N-N 2 O day -1 , while for the soil with high fertility level there were 18 such occasions for all the studied treatments ( Fig. 2 ).
When the daily N 2 O emissions from the soil with high fertility level were at their highest, the soil of the two treatments with nitrogen fertilizer (fertilizer and fertilizer + biochar) was daily emitting significantly more (p < 0.005) N 2 O than the same soil of the two treatments without the fertilizer which was not the case for the soil with medium fertility.
Cumulative N 2 O fluxes from the soil with medium fertility for the whole period of measurements were 247.7 ± 56.7, 233.6 ± 41.2, 299.9 ± 26.6 and 229.9 ± 17.9 g ha -1 N-N 2 O in the control, biochar, fertilizer and biochar + fertilizer treatments, respectively ( Fig. 3) . Some of the inter-treatment differences between the cumulative fluxes from this soil were insignificant, but application of fertilizer resulted in a significantly higher (p < 0.05) cumulative N 2 O flux from fertilizer treatment compared to the control and biochar treatments. Also the cumulative N 2 O flux from fertilizer + biochar treatment was significantly lower (p < 0.05) compared to fertilizer treatment. The cumulative N 2 O flux from the soil with fertilizer + biochar treatment did not differ significantly from that from the soil with control and biochar treatments. Cumulative N 2 O fluxes from the soil with high fertility were 519.7 ± 37.2, 417.9 ± 33.7, 583.7 ± 71.2 and 486.2 ± 74.6 g ha -1 N-N 2 O for control, biochar, fertilizer and biochar + fertilizer treatments, respectively ( Fig. 3 ). Cumulative N 2 O fluxes from the soil with high fertility were significantly higher (p < 0.005) than those from the soil with medium fertility for all the treatments studied in the experiment.
For the soil with high fertility level the reduction in the cumulative N 2 O flux after biochar application to the soil was statistically significant (control vs biochar treatments), unlike in the soil with medium fertility level where the observed reduction was not statistically significant. Application of nitrogen fertilizer to the soil with high fertility level resulted in an increase of the cumulative N 2 O flux, but the increase was not statistically significant, while in the soil with medium fertility it was. Application of biochar to the fertilized soil resulted in significant reduction of the N 2 O cumulative flux (biochar + fertilizer vs fertilizer treatments).
For the soil with both fertility levels cumulative N 2 O fluxes from the soil with fertilizer treatment were significantly higher (p < 0.05) than those from the soil with biochar and fertilizer + biochar treatments.
Dynamics of soil mineral nitrogen (N) content. Content of mineral N-NO 3
− in the soil with medium fertility during the period of studies varied from 5 to 73 mg kg -1 N soil, while in the soil with high fertility -from 14 to 88 mg kg -1 N soil for all the different treatments studied in the experiment (Fig. 4 ). The highest average content of mineral N-NO 3 − for all the different treatments in the soil with medium (65 mg kg -1 N soil) and high (79.6 mg kg -1 N soil) fertility was measured in June, (1), biochar (2), fertilizer (3) and biochar + fertilizer (4) treatments after the experiment was established. When the mineral N-NO 3 − content in both soils was at its highest, the soil with high fertility contained significantly more N-NO 3 − than the soil with medium fertility (p < 0.001). When mineral N-NO 3 − content fell to lower values in July and August, the difference between the soil with medium and high fertility (24.8 and 32.1 mg kg -1 N soil, respectively) was also statistically significant (p < 0.001). The lowest content of mineral N-NO 3 − was measured in both soils at the end of the experiment (11.2 and 18.3 mg kg -1 N soil for soils with medium and high fertility, respectively), and the difference between the two soils was also statistically significant.
For the soil with the same level of fertility most of the inter-treatment differences in the mineral N-NO 3 − content were statistically insignificant (p < 0.001) with an exception for the time, when the mineral N-NO 3 − content was at its highest and the lowest N-NO 3 − content was measured in the soil with biochar treatment for both fertility levels.
Soil mineral N-NH 4 + content in the soil with medium fertility varied from 1.6 to 41 mg kg -1 N soil, while in the soil with high fertility it varied from 6.9 to 30.7 mg kg -1 N soil with the highest values measured in the second half of June early July and the lowestat the end of the experiment (Fig. 5 ). Content of soil mineral N-NH 4 + in the treatments without biochar as well as in the treatments with biochar was most of the time significantly higher (p < 0.05) in the soil with high than with medium fertility. Soil moisture content. During the experiment moisture content in the soil with medium fertility varied from 5.7% to 23.8%, while in the soil with high fertility -from 8.3% to 25.2% (Fig. 6 ). The lowest moisture content for the soil with both fertility levels was observed during the dry spell in the weather in early July. Most of the time moisture content in the soil with high fertility was significantly higher (p < 0.05) than that in the soil with medium fertility for all the treatments studied in the experiment. The only exception was the 12 th of July, when the soils had the lowest moisture content in the season and the soil with high fertility was drier than the soil with medium fertility in the control and biochar treatments.
The seasonal average soil temperature was significantly lower for all the treatments for the soil with medium fertility compared to the soil with high fertility.
The lowest difference in the seasonal average soil water content between the soils with medium and high fertility was found in the control treatment (2.15%). Application of fertilizer to the soils increased the difference to 4.0% and application of biochar with or without fertilizer -to 4.4% (Fig. 7) .
Moisture content, % of weight
Moisture content, % of weight higher for the soil with high than with medium fertility for all the studied treatments. For both soils the highest yield-scaled N 2 O emissions were observed in the control treatment and the lowest -in the biochar + fertilizer treatment. The biochar, fertilizer and biochar + fertilizer treatments resulted in lower yield-scaled N 2 O emissions compared to the control treatment for the soil with both fertility levels. The results of our studies showed that initial difference in the soil fertility had a significant effect on the average seasonal soil water content. The soil with high fertility in average contained more water than the soil with medium fertility in the field conditions most of the growing season. It might be the result of higher waterholding capacity of the soil organic matter in the high fertility soil as well as of higher soil capillary porosity resulting from higher organic matter content (Lehmann et al., 2011) .
Discussion
Effect of soil management and biochar
Application of the biochar at a rate of 12 t ha -1 significantly increased the water content of the soil with high fertility but not of the soil with medium fertility for most of the growing season. The significant increase in soil water content with biochar application is in agreement with the studies of Glaser et al. (2002) who reported that incorporation of biochar at a rate of 15% of soil volume increased the water-retention capacity of light-textured soils by 18%. Woolf (2008) in his review has also shown that the water content of light-textured soils after biochar application was more often increasing than that of heavy soils as the mineral phase of the latter can hold substantial quantities of water unlike sandy particles of light-textured soils. The results of our experiment also demonstrate that the soil fertility can affect the way the biochar is affecting Barley yield. Grain yields of spring barley harvested from the soil with medium fertility were significantly lower than those from the soil with high fertility for all the studied treatments, except fertilizer treatment. Biochar, fertilizer and biochar + fertilizer treatments resulted in significantly higher (p < 0.05) yields than control treatment for the soil with both fertility levels (Fig. 8 ). The grain yields of spring barley depended on the soil treatment and increased in the following order: control < biochar < fertilizer = biochar + fertilizer for the soil with medium fertility and control < biochar = fertilizer < biochar + fertilizer for the soil with high fertility. The yield-scaled N 2 O emissions of spring barley for our experiment are presented in Figure 9 . They were the soil water content of the light-textured soil studied in our experiment. Rizhiya et al. (2015) have shown for the same soil that the increase of the water-retention for the soil with medium fertility after biochar incorporation was lower (5%) than that for the soil with high (9%) fertility at a range of soil moisture potentials from −5 to −50 kPa. It was also shown that the application of biochar to the soil with high fertility resulted in significantly lower shrinkage of the soil compared to the soil with medium fertility after three cycles of saturation and drying, and the soil with high fertility had higher capillary porosity than the soil with medium fertility. Biochars usually have specific bulk densities from 1.5 to 2.1 g cm -3 (Brewer et al., 2009 ). The soil with medium and high fertility had specific bulk density 2.63-2.65 and 2.55-2.57 g cm -3 , respectively. It is known that the force producing shrinkage is a surface tension at the air-watersolid phase interfaces. At the beginning of the process, shrinkage occurs in a proportion of water removed. Then a point is reached at which interactions between particles of the solid phase arise. A further shrinkage is defined by the degree of compression and re-orientation of particles as a result of the increased surface tension at the solid phase-water interfaces. Therefore, in the soil with medium fertility, compared to that with high fertility, there were weaker repulsive interactions between the soil mineral and biochar particles which during dryinginduced compression could be in a closer packing. The above-mentioned changes in the soil physical properties induced by biochar application could also be the reason for greater water content during the growing season of 2012 in the soil with high fertility than in the soil with medium fertility. mineral nitrogen (N) . Accumulation of nitrates, which is the result of the process of nitrification, was higher at the beginning of our field studies and the rate of nitrification was greater in the soil with high than with medium fertility in all the treatments. That could be a result of higher mineral N content in the soil with high fertility as well as of higher microbial activity of the soil which was shown for the same soil by Rizhiya et al. (2011) .
Effect of soil management and biochar on soil
According to our research data, nitrification activity in biochar treatment was the lowest for the soil with both fertility levels compared to that in the other three treatments for the first half of the growing season. It is in agreement with Novak et al. (2010) who reported that the application of pecan-shell biochar at rates of 5-20 g kg -1 into Norfolk loamy sand resulted in an immobilization of NO 3 − and in its reduced availability for cereal plants. In the second half of the growing season the mineral nitrate content in the soils of all the treatments decreased with the plant growth and the difference in nitrate concentration between the different treatments became less pronounced, but still the soil with high fertility always contained significantly more nitrates than the soil with medium fertility.
Ammonium accumulation in the soil can be partly a result of denitrification and in our experiment N-NH 4 + was also introduced to the soil with mineral N-fertilizer. Still soil N-NH 4 + concentrations were higher in the soil with high fertility indicating that process of denitrification might be going on in this soil together with the process of nitrification. The possibility of the two processes developing in different areas of the same soil at the same time is accepted now (Wrage et al., 2001) .
Biochar has a high affinity to NH 4 + and can easily absorb it (Lehmann et al., 2011) . The results of our studies showed that biochar treatment resulted in 20.0% and 8.1% average reduction in mineral N-NH 4 + concentrations in the soil with medium and high fertility, respectively, compared to control treatment. However, the average N-NH 4 + content in the biochar + fertilizer treatment exceeded its average concentration in the control treatment by 6.7% and 1.5% in the soil with medium and high fertility, respectively. Therefore, the application of biochar to the studied soils together with nitrogen fertilizer seems to be a better way to avoid the available mineral N deficiency which can be observed if only biochar is incorporated into this soil.
Effect of soil management and biochar on nitrous oxide (N 2 O) flux. Cumulative N 2 O fluxes from the soil with high fertility in our experiment were significantly higher than those from the soil with medium fertility for all the treatments of the experiment. It is in agreement with the results of many experiments (Broucek, 2017) showing that application of farmyard manure to the soils resulted in high N 2 O fluxes due to application of available N and C and microbial C, despite the reduction in soil bulk density and improved soil aeration. The availability of N and C, combined together with the higher moisture content had a greater influence on N 2 O emission from the soil with high fertility than the fact that the soil had lower bulk density and higher porosity than the soil with medium fertility.
One of the key reasons for the application of biochar in agriculture is the mitigation of N 2 O emissions from soils. A decrease in N 2 O emission from agricultural soils was often observed after application of biochar of different origin (Yanai et For the biochar and biochar + fertilizer treatments for the soil with high fertility as well as for biochar + fertilizer treatment for the soil with medium fertility the effect of biochar application on N 2 O flux mitigation was statistically significant. These results confirm the data of other researchers who found substantial reductions of Our previous results of laboratory experiments with the same soils (Rizhiya et al., 2015) showed that the incorporation of biochar at a rate of 380 kg ha -1 into the soils with medium and high fertility caused insignificant changes in cumulative N 2 O fluxes, when biochar was applied to the soil without a source of mineral N. However, the combined application of biochar and red clover residues (600 kg ha -1 ) into both soils resulted in lower N 2 O cumulative emissions than those from the treatment with red clover residues. These data are complementing our findings from the present small-scale field experiment that application of biochar to soils can contribute to N 2 O flux mitigation only if soils are rich in available mineral N and organic C. For the soil with medium fertility in our experiment the yield-scaled N 2 O fluxes ranged in a decreasing order: 138 (control), 81 (biochar), 72 (fertilizer) and 50 (biochar + fertilizer) g Mg -1 N 2 O-N grain yield. The N use efficiency in the soil with medium fertility was increasing in fertilizer and biochar + fertilizer treatments. The soil with high fertility demonstrated a slightly different decreasing order of the yield-scaled N 2 O emissions: 182 (control), 156 (fertilizer), 98 (biochar) and 84 (biochar + fertilizer) g Mg -1 N 2 O-N grain yield. In contrast to the soil with medium fertility, the application of 90 kg ha -1 N with mineral fertilizer to this soil resulted in a lower decrease in the yield-scaled N 2 O emissions compared to the control due to higher N 2 O cumulative flux from this soil and no changes in barley yield after fertilizer application. According to several authors, there is a threshold of N rates which can exceed N requirements of crops (Granli, Bockman, 1994) . If the N rates exceed the crop N requirements, N 2 O emissions from soils can become more variable and drastically increase (Snyder et al., 2009; Hoben et al., 2011) . It might be that 90 kg ha -1 N of ammonium nitrate, applied to the soil with high fertility could exceed the soil N requirements of spring barley and cause increased N 2 O emissions.
Conclusions
1. Significant changes in water-holding capacity and the amount of available nitrogen (N) occurred in loamy sand Stagnic Luvisol with high fertility which resulted from the application of high rates of farmyard manure during the previous 10 years, and thus it emitted significantly more nitrous oxide (N 2 O) over a growing season than the soil with medium fertility.
2. Biochar application effect on N 2 O emissions depended on the relatively short soil management history and was reducing the emission from the soil with high fertility rich in mineral N and C but not from the soil with medium fertility if no nitrogen fertilizer was applied to the latter soil.
3. Yield-scaled N 2 O emissions were the highest from the control treatments for the soil with both studied fertility levels, and the soil with high fertility was always characterized by higher yield-scaled N 2 O emissions than the soil with medium fertility.
4. Application of biochar to the soil with both studied fertility levels with or without fertilizer reduced yield-scaled N 2 O emissions showing that biochar application to the soils can facilitate N use by the plants.
